Abbreviations
=============

CAGE

:   cap analysis of gene expression

ENCODE

:   Encyclopedia of DNA Elements

eRNA

:   enhancer RNA

ESC

:   embryonic stem cells

iPSC

:   induced pluripotent stem cells

lncRNA

:   long non-coding RNA

NAST

:   Non-Annotated Stem Transcripts

ncRNA

:   non-coding RNA

Introduction {#s0001}
============

Reprogramming of somatic cells into a pluripotent state close to embryonic stem cells (ESC), has been recognized as a major success of modern cell biology with great potential for regenerative medicine.[@cit0001] Yet, substantial transcriptional variations have been reported among induced pluripotent stem cells (iPSC) and ESC,[@cit0002] which necessitate better understanding to ensure their utility and clinical safety.

Early gene expression studies, based on microarray technology, have identified hundreds of significantly differentially expressed genes between ESC and iPSC.[@cit0003] Others concluded that specific iPSC clones could not be distinguished from ESC based on their gene expression and DNA methylation profiles, however variable differentiation propensities were measured.[@cit0002] This controversial question of actual differences in gene expression between ESC and iPSC is based on observation for protein coding genes. Indeed, relatively little is known about the differential expression of non-coding regulatory transcripts between ESC and iPSC. With the exception of a report for 105 miRNAs,[@cit0003] concluding on little differences, to our knowledge, no studies have yet reported systematic investigation for the non-coding fraction of the transcriptome between ESC and iPSC. In addition, transcriptional data on nuclear non-coding transcriptome of ESC and iPSC remain rare.[@cit0007]

Here, taking advantage of our expertise in nuclear transcriptome analyses,[@cit0008] we have deeply analyzed transcriptomes of ESC and iPSC. The CAGE (cap analysis of gene expression) technology, developed in our laboratory,[@cit0009] offers a higher resolution for rare regulatory transcripts than precedent reports. We are reporting 2,501 non-coding loci, putative enhancers and novel lncRNAs, which expression was not properly activated upon reprogramming of mouse lymphocytes B in iPSC.

Results {#s0002}
=======

High nuclear complexity of ESC transcriptomes not mimicked in iPSC {#s0002-0001}
------------------------------------------------------------------

We aim at the identification of protein non-coding genes and regulatory loci transcriptionally active in ESC and not activated upon cells reprogramming. To this end, we have analyzed the nuclear and cytoplasmic transcriptomes of 5 iPSC clones and 3 ESC lines from murine origins (data from Fort *et al*.[@cit0008]). iPSC lines were derived from primary lymphocytes B using conventional retroviral vectors expressing the 4 Yamanaka\'s factors (*Oct4*, *Klf4*, *Sox2*, *c-Myc*). Nuclear enriched and cytoplasmic RNA samples were extracted from cells harvested at similar passage number (from P20 to P31) and analyzed using the CAGE technology[@cit0009] followed by highthroughput sequencing. CAGE libraries were sequenced at an average depth of 14 millions (+/− 1.4) CAGE-tags (**Fig. S1A**). CAGE-tags mapping uniquely to the reference genome (genome assembly mm9/NCBI37) were considered to create a strict set of TSSs, using the *Paraclu*[@cit0011] clustering algorithm. We selected CAGE-tag-clusters detected in at least 2 iPSC clones or 2 ESC lines or in the lymphocytes B (**Fig. S1B**). For expression threshold, we required CAGE-tag-clusters to be measured at a minimum of 1 tag per million (tpm) in at least one sample. Hierarchical clustering computed with Spearman correlation and Euclidian distance matrixes for all CAGE-tag-clusters groups nuclear from cytoplasmic samples at first and separate ESC from iPSC ([**Fig. 1A**](#f0001){ref-type="fig"} and **Fig. S1C-D**). Figure 1.(**A**) Hierarchical clustering based on Euclidian distance matrix for expression values of all CAGE-tag-clusters (**B**) Fold-change values (FC) density for the differential expression analyses on the nuclear (Nu) and cytoplasmic (Cy) datasets. CAGE-clusters found differentially expressed in both analyses (Nu/Cy) are marked in blue. (**C**) Comparison of transcriptional complexity in the nuclear and cytoplasmic compartments of ESC and iPSC cells, calculating the number of CAGE clusters detected in each sample after sub-sampling of CAGE tags (richness). Red bars represent mean values. *P*-values from 2-sided t-test are shown. (**D**) Annotation of CAGE-tag-clusters significantly up-regulated in ESC (edgeR, FDR\< 0.05, FC\>8). (**E**) Histone marks (ENCODE ChIP-seq data[@cit0007]) based classification of CAGE tag clusters significantly upregulated in ESC.

A total of 78,714 CAGE-tag-clusters fulfilled the above-mentioned criteria and were included in differential expression analyses comparing the 5 iPSC clones with the 3 ESC lines for the nuclear and cytoplasmic datasets independently. 526 CAGE-tag-clusters were identified as significantly (FDR \< 0.05 and FC \> 8, calculated with edgeR[@cit0012]) differentially expressed in the nuclear compartment, 1,488 in the cytoplasm and 1,364 in both sub-cellular compartments. When analyzing the nuclear data sets, a larger proportion of CAGE-tag-clusters over-expressed in ESC were identified relative to the fraction overexpressed in iPSC ([**Fig. 1B**](#f0001){ref-type="fig"}). This observation is further supported by a significant increased complexity (calculated with Vegan R package) of the ESC nuclear transcriptome when compared with iPSC ([**Fig. 1C**](#f0001){ref-type="fig"}); while their respective cytoplasmic transcriptomes do not show significant differences in complexity levels. In addition, we found 73% (847 out of 1,161) of the differentially expressed protein coding genes expressed at lower levels in iPSC, similarly than reported in Chin *et al*.[@cit0003]

Novel lncRNAs and actively transcribed enhancers not activated upon reprogramming process {#s0002-0002}
-----------------------------------------------------------------------------------------

We then aim at identifying yet not annotated (annotation procedure in Methods) non-coding RNAs which expression was not properly induced upon iPSC reprogramming process. For this purpose, we extracted 3,515 CAGE-tag-clusters significantly over-expressed in ESC and residing in intergenic regions or being in an antisense orientation to annotated genes ([**Fig. 1D**](#f0001){ref-type="fig"}). Not annotated CAGE-tag-clusters, significantly (FDR \< 0.05 and FC \> 8, calculated with edgeR[@cit0012]) overexpressed in ESC count for 64% of the transcripts exclusively identified in the nuclear compartment and represent 29% and 52% for the clusters identified in the cytoplasm or in both cellular compartments respectively.

Using chromatin histone marks, retrieved from the ENCODE consortium,[@cit0007] specific of promoter (high levels of H3K4me3 and low levels of H3K4me1) and enhancer regions (low levels of H3K4me3, high levels of H3K4me1 and H3K27ac), we classified 71.2% of the not annotated CAGE-tag-clusters significantly over-expressed in ESC as either associated with putative novel promoters (n = 1 ,313), enhancer associated transcripts (n = 865 ) or as super-enhancers (n = 323 ) ([**Fig. 1D**](#f0001){ref-type="fig"}; **Fig. S2**; **Table S1**).

In addition to carry enhancer specific histone marks, we required super-enhancers to be bound by 3 core stemness transcription factors (i.e., *Nanog, Pou5f1* and *Sox2*[@cit0013]) and a mediator subunit (Med1 or Med12),[@cit0014] similarly to criteria considered in Whyte *et al*.[@cit0015] Alike previous reports,[@cit0015] super-enhancers regions are associated with higher DNaseI hypersensitivity signal ([**Fig. 2A**](#f0002){ref-type="fig"}, ENCODE data for ES-E14[@cit0007]), higher ChIP-seq signal for Mediator subunits[@cit0014] ([**Fig. 2B**](#f0002){ref-type="fig"}) and enhancer associated histone marks (H3K4me1 and H3K27ac, **Fig. S3A-B,** ENCODE data for ES-E14[@cit0007]). Interestingly, we also observed a stronger ChIP-seq signal for the enhancer associated co-factor p300, the cohesin complex protein Smc1a[@cit0014] and the loading factor of cohesin Nipbl[@cit0014] (**Fig. S3C**). Figure 2.(**A**) Mean DNaseI hypersensitivity signal density (ENCODE data, ES-E14 cells[@cit0007]) and (**B**) mean ChIP-Seq signal density for Mediator subunits Med1 and Med12[@cit0014] for the not annotated super-enhancer, enhancer and annotated TSSs. (**C**) Normalized nuclear expression (tpm: tags per million) and (**D**) mean PhastCons score (Euarchontoglires, 30 species, UCSC) for the CAGE tag clusters significantly up-regulated in ESC (edgeR, FDR \< 0.05, FC \> 8).

Similarly to our previous report on non-annotated stem transcripts (NAST),[@cit0008] we found putative non-coding transcripts, associated with promoter, enhancer or super-enhancer regions, expressed at significant lower levels (Mann-Whitney Rank test, *P* \< 0.0023) than annotated protein-coding genes also overexpressed in ESC ([**Fig. 2C**](#f0002){ref-type="fig"}). Furthermore, enriched evolutionary conservation scores (*PhastCons*[@cit0017] for Euarchontoglires, 30 species) are observed for all not annotated groups ([**Fig. 2D**](#f0002){ref-type="fig"}) when compared to random genomic locations.

Taken together, these observations support the presence of yet unnoticed ncRNAs and enhancer-RNAs (eRNAs), which transcription is not properly activated upon conventional viral vectors mediated reprogramming process.

Enhancers specifically active in ESC associate with genes lowly expressed in iPSC {#s0002-0003}
---------------------------------------------------------------------------------

To characterize further newly identified ncRNAs and eRNAs, we first look at the association with repeat elements; as others and we have reported implication of repeat derived transcripts in the genetic regulation of pluripotency.[@cit0008] Interestingly, we observed significant (Exact Fisher test, *P* \< 2.2 × 10^--16^) enrichment for ERVK repeat elements overlapping ESC specific super-enhancers, enhancers and promoters ([**Fig. 3A**](#f0003){ref-type="fig"}). MaLR elements appear also significantly enriched (Exact Fisher test, *P* \< 0.00077) among super-enhancers and enhancers. In more details, super-enhancers appear to overlap mainly solitary LTR-ERVK elements with RLTR13D6 representing 19.5% (n = 15 out of 77) of the ERVK element associated with super-enhancer. RLTR9D, RLRT9E and the full-length ETnERV2-int LTR elements represent 2 thirds of the ERVKs associated with enhancers (32.5%) and promoters (31.3%) loci resistant to reprogramming. Interestingly, RLTR13D6 is found associated with 8.3% enhancers but with none of the novel promoters. Figure 3 (See previous page).(**A**) Repeat composition of not annotated (super-enhancers, enhancers, promoters) and annotated (TSSs +/-1kb) CAGE-tag-clusters significantly overexpressed in ESC. All CAGE-tag-clusters composition is shown for comparison. (**B**) Proportion of overlap with Non-Annotates-Stem-Transcripts (NAST) from Fort et al.[@cit0008] (**C and D**) Normalized expression values for super-enhancer regions and their associated protein coding genes (**C**) or lncRNAs (**D**). Schematic representations of genomic configurations are shown above plots. Error bars, s.d. Indicated *P*-values are from 2-sided t-tests. iPSC n = 5 , ESC n = 3.

Enhancers are associated with RLTR9D, RLRT9E and RLTR13D6, while novel promoters show also association with RLTR9D, RLRT9E but interestingly a comparable amount of overlap with the ETnERV2-int full-length elements.

Noteworthy, 56.2% of the super-enhancers over-expressed in ESC were previously described by our laboratory as NASTs,[@cit0008] while the NAST overlapping fraction for annotated enhancer and promoter regions are only 32.1% and 25.9% respectively ([**Fig. 3B**](#f0003){ref-type="fig"}). These specific sub-groups of NASTs are indeed expressed at significant higher levels (Mann-Whitney Rank test, *P* \< 2.2 × 10^--16^) in ESC when compared to iPSC lines originally used for the identification of NASTs in Fort *et al*.[@cit0008] (**Fig. S4**).

We then sought to identify target genes of super-enhancers and enhancers associated with significant higher transcriptional activity in ESC. To this end, we used ChIA-PET data[@cit0020] (chromatin interaction analyses by paired-end tags) reporting RNA-polymerase-II mediated chromatin-chromatin interactions in mouse ES-E14 cells. We detected 143 and 46 intra-chromosomal interactions implicating enhancers or super-enhancers, respectively, and promoter regions of known genes. Among interacting annotated genes, 35 show expression fold-change greater than 2 in ESC when compared to iPSC. We provide a list of 13 high-confidence regulatory regions interacting with 4 lncRNAs and 7 protein-coding genes (**Table S2**). Detailed expression levels for 4 of these candidate regions, distant from 7.4kb to 148kb from their putative targeted gene, 2 protein-coding genes implicated in pluripotency regulation and 2 lncRNA genes of unknown function are shown on [**Fig. 3**](#f0003){ref-type="fig"}. These loci share analogous genomic conformation with no annotated genes localized between regulatory elements and target-genes. As first example, we show a super-enhancer potentially regulating the transcription factor *Klf2* (Kruppel-like factor 2, [**Fig. 3C**](#f0003){ref-type="fig"}), which exogenous expression in post-implantation epiblast stem cells (EpiSC) together with *Nanog* has been shown to trigger ground states ESC in mouse[@cit0021] as well as in human[@cit0023] models. Second, a distant super-enhancer interacting with the trans-activator *Cited2* (cbp/p300-interacting protein, [**Fig. 3C**](#f0003){ref-type="fig"}) implicated in the maintenance of pluripotency and self-renewal of stem cells via direct regulation of *Pou5f1*.[@cit0024] In addition, we show examples of super-enhancers associated with 2 lncRNAs ([**Fig. 3D**](#f0003){ref-type="fig"}), AK044410 (D230017M19Rik) and AK019124 (2410080I02Rik), suggesting a role for these lncRNAs in the regulation of pluripotency.

In summary, these results suggest that a set of *cis*-regulatory regions, 40% of them being associated with repeated elements, is not properly activated in iPSC. As a direct consequence, protein coding and lncRNAs implicated in the genetic control of stem state are not properly transcribed.

Discussion {#s0003}
==========

Large efforts have been achieved for the improvement of iPSC reprogramming efficiency and the selection of high quality clones closely resembling to ESC. Obviously, ESC and iPSC share key features of pluripotency, including expression of pluripotency marker genes, cell and colony morphologies as well as differentiation ability into the different germ layers.[@cit0026] However, transcriptional differences between ESC and iPSC have been repeatedly reported, concluding on not equivalent cellular status.[@cit0003] In this study, we have shown that in depth nuclear transcriptome profiling of multiple ESC and iPSC cell lines, based on CAGE technology, identified relevant differentially expressed regulatory transcripts putatively implicated in the genetic regulation of pluripotency.

On the other hand, 2 studies reached the conclusion that most reported changes in gene expression between ESC and iPSC are actually stochastic and caused by lab-specific differences in either reprogramming process, progenitor cells used or aspects of stem cell culture and handling conditions.[@cit0006] If, we cannot formally rule out effects resulting from not fully identical culture conditions for all cell lines, we believe that our results shed new light on relevant transcriptional differences of regulatory non-coding transcripts between iPSC and ESC. These discoveries were made possible applying the CAGE technology, which do not require transcript model for its analyses, to nuclear enriched RNA samples, enhancing the detection of rare nuclear transcripts. We believe this makes it an approach of choice for the identification of novel regulatory non-coding transcripts yet not annotated and residing mainly in the nucleus.[@cit0030] As shown for a few loci, this approach efficiently identified genes and associated *cis*-regulatory elements misregulated in iPSC. Notably, this strategy provides hints for functional role of lncRNAs without known functions and their associated *cis*-regulatory regions, which expression are also found significantly lower in ESC when compared to iPSC.

In conclusion, our analyses reveal higher transcriptional differences between iPSC and ESC than formally estimated.[@cit0002] It suggests that an important part of phenotypic differences observed between different iPSC clones reflect failure in *cis*-regulatory elements activation and was not detected with previously used technologies. Noteworthy, a striking differentiation-defect in iPSC clones not properly expressing LTR7 associated lncRNA has been reported for human iPSC, highlightening association between ncRNA regulation and iPSC potency.[@cit0019]

iPSC technology carries large expectations in the revolution of regenerative medicine and as models for human diseases. However, taken together, previous reports and our observations indicate that the non-coding fraction of the transcriptome should be carefully monitored, with suitable technologies, when evaluating iPSC clones for clinical applications.

Methods {#s0004}
=======

Lymphocyte isolation
--------------------

CD19^+^ cells (B lymphocytes) were isolated from freshly dissected spleen (C57BL/6 mice) using MACS beads (Miltenyi Biotech) and were cultured in lymphocyte complete medium (RPMI1640, Sigma) containing 10% FBS, 5 ng/ml interleukin IL-4 (R&D Systems) and 25 mg/ml lipopolysaccharide (LPS; Sigma).

iPSC reprogramming
------------------

Retrovirus preparation was carried out as previously described in Takahashi et al.[@cit0032] Mouse B cells were infected at 1 × 10^5^ cells/ml in the presence of 10 mg/ml polybrene (Sigma), 5 ng/ml IL-4 (R&D Systems) and 25 mg/ml LPS (Sigma). After 24 h, medium was replaced with lymphocyte complete medium, and cells were seeded on mitomycin-treated MEF feeder cells. Seventy-two hours after transduction, medium was replaced with mouse ESC medium, and medium was changed every other day until ESC-like colonies formed. Colonies were isolated, dissociated with trypsin (Invitrogen) and transferred to stem cell medium (DS Pharma Biomedical) maintained with 2,000 U/ml LIF and 0.1 mM 2-mercaptoethanol and kept in culture for further experiments. iPSC injections in blastocysts resulting in chimeric mice confirmed the full reprogramming of our iPS clones. In addition, iPSC colonies were stained by immunostaining for the pluripotent marker proteins Ssea1, Oct-4 and Nanog (D.Y. and H.K., unpublished data ).

Cell culture
------------

ESCs (ES-1: Nanog\^(βgeo/+)ES, 129 SV Jae mouse strain, ESR08 passage 21; ES-2: FVB1, FVB mouse strain, passage 21; ES-3: B6G2, C57BL/6 mouse strain, passage 22) were grown under feeder-free conditions in mouse ESC medium containing DMEM (Wako), 1,000 U/ml leukemia inhibitory factor (LIF; Millipore), 15% FBS (Gibco), 2.4 mM [L]{.smallcaps}-glutamine (Invitrogen), 0.1 mM non-essential amino acids (NEAA; Invitrogen), 0.1 mM 2-mercaptoethanol (Gibco), 50 U/ml penicillin and 50 μg/ml streptomycin (Gibco). Culture media were changed daily, and cells were passaged every 2--3 d.

Established iPS clones (iPS-1: mi44.1B4e passage 21; iPS-2: mi44H2e passage 31; iPS-3: mi55A2 passage 20; iPS-4: mi55G4 passage 28; iPS-5: mi56H1 passage 24) were cultured on MEFs treated with mitomycin (Sigma) in DMEM containing 20% FBS, 2,000 U/ml LIF, 1% NEAA, 0.1 mM 2-mercaptoethanol, 2.4 mM [L]{.smallcaps}-glutamine and 3 inhibitors (3i).[@cit0033]

Extraction of nucleus-enriched and cytoplasmic RNAs
---------------------------------------------------

For all cell lines nucleus-enriched and cytoplasmic RNA fractions were isolated from 5 to 10 million cells with the procedure detailed in Fort et al.[@cit0008] Briefly, cells were lysed in chilled lysis buffer (0.8 M sucrose, 150 mM KCl, 5 mM MgCl2, 6 mM 2-mercaptoethanol and 0.5% NP-40) and spin for 5 min at 10,000g (4°C). Supernatants containing cytoplasmic fractions were collected and mixed with 3 volumes of TRIzol-LS Reagent (Life Technologies). Nuclei pellets were washed twice with lysis buffer before resuspension in TRIzol Reagent. A miRNEasy kit (Qiagen) was used according to the manufacturer\'s protocol to extract both nucleus-enriched and cytoplasmic RNA fractions. During the RNA purification process, samples were treated with DNase I (Qiagen).

CAGE library preparation and data processing
--------------------------------------------

CAGE libraries were prepared starting with 0.5 to 5 μg of RNA, following the protocols developed in our laboratory.[@cit0009] As detailed in Fort et al.,[@cit0008] CAGE libraries were sequenced on the Illumina HiSeq 2000 platform with a read length of 50 bases. After discarding sequences with ambiguous base calling, splitting sample reads by barcodes and removing linker sequences and artifactual linker adaptor sequences using TagDust,[@cit0034] reads were of 26 to 42 bases in length. CAGE reads were mapped to mm9/NCBI37 using Burrows-Wheeler Aligner (BWA) v0.5.6.[@cit0035] Only reads with MapQ values over 10 and therefore mapping to single loci in the genomes were used in our analyses. Subsequently, reads mapping to rDNA were eliminated. CAGE tag 5′ genomic coordinates were used as input for Paraclu[@cit0011] clustering with the following parameters: (i) a minimum of 5 tags per cluster, (ii) maximum density/baseline density ≥2 and (iii) a maximal cluster length of 200 bp.

CAGE cluster annotation
-----------------------

Annotation of CAGE tag clusters ([**Fig. 2**](#f0002){ref-type="fig"}) was performed as described in Fort et al.[@cit0008] and based on the RefSeq, Ensembl[@cit0036] and UCSC KnownGenes databases (retrieved from the UCSC browser in January 2012). Repetitive element annotations were retrieved from the UCSC browser, which ran RepeatMasker[@cit0037] version open-3--2--7.

Histone mark--based classification of the CAGE-tag clusters was performed using ChIP-seq data[@cit0007] for ES-Bruce-4 and ES-E14 cells. Loci carrying a stronger signal for H3K4me1 than for H3K4me3 and carrying H3K27ac were classified as enhancers,[@cit0038] whereas clusters with stronger signal for H3K4me3 than for H3K4me1 and/or carrying H3K9ac marks were considered to be promoters. CAGE clusters carrying H3K9me3 and/or H3K27me3 marks were annotated as repressed. Finally, CAGE-tag clusters presenting trimethylation at lysine 36 of histone H3 (H3K36me3) were annotated as gene body.
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